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x RSTRACT The estrogen receptor (ER) stimulates ran- 
i? tareet eenes by means of Us two transcriptional 
scription of target ^ genes oy ^ . 

activity is 

Se^enf up n a SaUve amp'hipathic a-he.ix between 
depenaeni upon " ER.. Point mutagenesis of 

164384 Treatment Structural alterations in AF-2 caused by 
«ne mu aUons such as those described herein or by estrogen- 
?„" p-deni ? signaling pathways may ".^nt foMhe .nsen- 
sitivity of some brea st cancers to tamoxifen treatment. 

Estroeens regulate target cell proliferation growth and dif, 
SeSon throueh a defined sequence of molecular event? 

igge edb^ heirblndingtotheintracellularestrogenreceptOT 
fERWl-7) The receptor functions directly as a hgand- 
d!p^eJ ) traScription P factor as shown in different . spec. 

transcriptional activation is mediated by AF-1 in me 
Krminal domain and AF-2 in the C-termina hormone- 

identify those tumors which may respond to hormone therapy 
in nlace of cytotoxic treatments or surgery (14, 15 J- 

the treatment of ER-pos t ve primary breast cancers (l? wj 
a nd rSee cnem^eventive «ia^ with healthy candidates 

?8 9 TamoSor its potent "*^.*X^K% 
fen (4.0HT) competes with estrogen for binding o ER and 
blocks the transcriptional activity of the receptor (15. 20-22). 
Sowever!tamo xif e P n has a complex pharmacologica behavior 
" it can present either antagonistic or agonistic : activ, ,es . 
soecies-. tissue-, and cell type-dependent fashion (16. -0). 
Moreover onlv half of ER-positive breast tumors respond to 
umoS Sherapv. and a majority of them rebpse into an- 
tiestrogen-unresponsive tumors even ^f^^^. 
measurable by ligand-binding assays (14. 1 V^J^he f?eS«en t 
ability of the side effects of tamoxifen and the frequent 
Recurrence of tumors in patients undergoing tamoxifen ther- 
aov have Stimulated the search for more potent ant.estrogens 
SoiS of "goLtic activity. Along t hisline ofinvestigation.it 

The publication com of .his .rode were defrayed in pari by P^"f 
pavmenLThbar.ie.emu.. therefore be hereby marked «^«uemen. m 

Accordance with 18 U.S.C. }I7W solely .0 ind.cate .hi. fact. 



in the ligand-b.ndm^ domain ^of *£ E * »» , w n but 

4-OHT and the pure antiestrogen ICI 164,384. 

MATERIALS AND METHODS 

Receptor Expression ^"^SffS&fZ^Z 

■■^^^ a m ^^^ ^t into the 
construction of mutants tnereoi. g 29) Missense 

^^So^^*-H^r«S!S 

Uich n> cloned up«'«m •« *• ' ' ot , he chief 
S Row ■ »»m. -in» «;„ CAT A. W .. 

siently by using the calcium USTSSfjiI«cd out at , 
Sixteen hours pno^to tr ns^ct c^ce^ ^ ^ 

density of 5 X 10* ce " s ^ /cnarcoal .stri P ped fetal cal 
DMEM containing J« «n/ cna ™ gLCAT (4 ^g) 
serum. The transfected DNA .needed pbK t 
the internal control plasm.d pR SV-lue(- M). ' PPJ^; 
receptor expression vector pJ3H (0.-5 >xg). an v 



5£SK elmen^WCE. wh h o y .eee.. y extract; CAT. ch.oramphen.c 
Lausanne. Switzerland. 
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. v-i-ene) to a total of 12 ng of \ per dish. ■ 
' ■',?a»fec«ion. the cells were mainumed w.thout 
T - s -'< -*nh 10 nM 170-estradiol alone or together with 

,r.g UC1 Pharmaceuticals. Macclesfield. U.K.). Aite r a 
- to 40-hr incubation, cells were harvested and assayed for 
°' c, i and CAT (33) activities. For the production of 
JC1 IZ e"d ?n get Ktardation assays. Cos-1 cells were 
:C P lnr a «Vd with the receptor expression vectors and 
: 5??G deseed (29) Whole cell extracts (WCEs) were 
^pa;ld as described (29) and assayed for luciferase acuv.ty 

ONA-Binding Analyses. DNA-binding activity in WCE from 
roil cells that expressed wild-type or mutant MORs was 
Measured by us ing ; a gel retardation assay DNA-b.ndmg 

for a further 30 min at room temperature. MOR-ERE com- 
i-xes were resolved in 5% polyacrylamide gels that were then 

Led. dried, and subjected to autoradiography. 

' 5? stern Blotting Analysis. WCEs were 

transfected Cos-1 cells treated with 170-estradiol. ICl 164._>34. 

or veSe alone and expressing the different forms of receptor 

Proteins (20-n.g samples) were separated on an SDS/10,o. 

(Wvol) polyaSylamide gel and transferred to nitrocellulose. 

After blocking with phosphate-buffered saline containing 1% 

nonfat dried milk and 0.1% Tween-20. pH 73. receptors were 

detected with the monoclonal antibody H222 (34) (gift from 
>hbett Laboratories) and peroxidase-conjugated rabbit anti- 
leG The clots were washed in phos?hate buffered saline 
...timing 0.1% Tween-20. pH 7.5. and developed by en- 
hanced chemiluminescence (ECL) reactions • (_^ ers ^ m ); 

Indirect Immunofluorescence. Transfected Cos-1 cells were 
Plated on poly-(L-lysine)-precoated coverslips placed in tissue 
culture plates in phenol red-free DMEM. supplemented witn 
10% charcoal-stripped fetal calf serum ^tJftS^gJS 
treated with 10 nM 17/3-estradiol. or 0.1 ICl WMW for 
1 hr. Cells were then fixed and permeabihzed. and ER was 
detected by using the H222 antibody as desenbed (27). Ln- 
ransfected or transfected cells incubated without H222 anti- 
body were included as controls. 



RE -TS 

523 5 SSK-o'f tra^cViption (29,. This re^on which, 
is conserved* the ER from different spec.es =nd also .n 

.ional neeativelv charged aspartic acid residues. D542 and 
W49 (rTirSir»eiu«l predictions indicate that this reg.on 
folds into an amphipathic a-helix (29).. 

Substitution for. the glutam.c »«d (E546A) or aH three 
charged amino acids in this region (D542N/E546Q/D549N) 
£ ! not significantly affect th< ..ran senpuon .1 actg ty o h 
ER in HeLa cells (Fig. 2). Both 4 "OHT a nd 1CI 164 .,84 
antaeonized the estradiol induction, although IC 164.354 was 
mo e S po" nt (Fig. 2). In contrast ^suu^of.^ one^r 
of hydrophobic residues. L543A/U^A o r M ^ A/Lj4Sa 
resulted fn a markedly lower basal activity .,n the ao, ce of 

of h«e two mutants (Fig. 2). although hormone binding was 
noJ^gnificamly affecW (29). However th< ; «-nscnp«.on3 
activity of these two ER mutants, unlike that of ERwt, was 
irondy «invSSed by 4-OHT and ICl 164.3S4to a level close 
T^$^M*.£itoi*A ERwt (Fig. 2). This full agonist 
activity of tSh antiestrogens was also detected m chicken 
embryo fibroblasts and MCF-7 cells (data not shown) 

ThTWblnding activity in WCE was determined for the 
different ER mutants that were transiently ^ ^ 
diol- or antiestrogen-treated Cos-l cells (Fig. j). As P^viousiy 
reoorted P6V the DNA-binding activity of the wild-type 
eJepto^t unaffected by treating cells with- PB-cstradio 1 or 

b*haVcd like ERwt (data not shown). 

Snw ICI 16084 h« been shown to decrease the cellular 
levels of ER (25, 26), we determined the effect of the anues- 
toge" on the level/ of mutant receptors by Westen, b lotung 

to fest if reduced binding ^ V™t5«A%1^ wd 
levels (Fig. 4/4). The levels of ER(L543A/U44A) ana 
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s30 innTir-—— ^.T.rplikAi.bxB»t.H*p*s» S59 

Jl« HMSNMM«KL»NKXCI«.WPtTDtl^ri!I>XH»I.HXPX9Il SSS 

•□a •oo« . 



. „f, h; P hlv conserved region of the ligand-binding domain from 
■ E.G. I. Domain organization of the ER and amino ac.d sequence ahgnmeni o f » | $cheme) . ^ A/B domain carr.es a 

Afferent species. The mouse ER (MOR). 599 am.no acids long. » mM" fed n o s« »6 oni £ tn ' e E domain contains the ligand-.nduc.ble 
— ttfype-dependent and promoter-specific transcriptional «trva..on un « °";^' d .^ on ;" e tival i 0 ri. is highly conserved as shown below by 
ranscliptional activation function AF-2. The AF-2 re S .on. * hl£h .'» J 0 ' ^ trou , (13). Xnopus IcvU (U). ch.cken (10). :a 

ihc alignment of a homologous region (amino ac.d numbers «•'"*«««« °' J J ;;^ e . fa ^, ubresi on that is e«emial for hormone-dependent 
• (9). mouse (12). and human (8). The amino acid sequence underlined m the MOR .rep «km» ^ fc adjscem nesaliv ety charged ammo, 

activation of transcripiion (29). It contains the two pa.rs of hydrophobic ammo ac«Js (boxed ano , 
acids (shaded and •) whose substitution has been studied herein. 
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M NO HORMONE 
□ E2 10 nM 

S3 E2 10 n.M ♦ 4 OH-TAMOXIFEN 0.5 uM 
■ E2 10 nM ♦ ICI 164 JB4 0.5 |*M 




FtG. 2. Effect of anticstrogens on transcriptional stimulation of an 
ERE-controlled reporter gene by wild-type and mutant MOR-(l- 
599). HeLa cells cotransfected with the reporter gene and expression 
vectors for wild-type or mutated receptors were maintained without 
added ligand (no hormone) or in the presence of-10 nM 170-esiradiol 
(E2) alone, or together with 0.5 *iM 4-OHT or 0.5 ICI 1 64.384.- 
4-OHT and ICI 164.334 alone had thesame effects as when combined 
with 170-estradiol (not shown). CAT activities, measured in WCE 
after normalization based on luciferase activity, represent the mean of 
four independent experiments with SEM error bars. The activity of the 
reporter gene in the presence of 170-estradiol-induced wild-type 
MOR-( 1-599) was taken as 100/* activity. 

ER(M547A/L548A) were similar irrespective of the ligand 
bound, whereas the levels "of ERwt were markedly reduced: 
after ICI 164,334 treatment. Thus it appears that, in contra*? 1 
to ERwt, the turnover of the mutant receptors is unaffected by 
the pure antiestrogen. 



L-543A 
L-544A 



M-547A 
L-548A 



wild type 



M.ETt-ETI.ETI 




Probe ■ 



1234 5 ft 7 Mi 1ft It 12 13 

Fto. V Effect of antiesirouens on the DNA-binding aetiwty of 
wild-tvpc and mutant ERs. MOR-1 1-5*W) (lanes 2-5). IJ4M. L544A 
(lanes'ft-W). and M547A/ L54.SA (lanes HI-13) were produced in Cos. I 
cells cultured in hormone-free medium (carrier alone; 10 n.M 
170-oaradiol (E).0.5>M 4-01 IT (T>,nr 0.5 i*M ICI 1M..VU (I). M 
is for an extract prepared from miKk-iransfected cells. UqutvaleiH 
amount of WCEs were assayed for their ONA-binding activity in a 
*;el-shift assay usinij a consensus ERE probe. The position of the free 
probe is indicated. 



Sat I. Ac ltd. Si I. t v I '.' ■ • 
. El E * * 



30. 



B 



I 2 3 4 5 * ? < *• 

. Estradiol ICI :S4..-n4 




ER wt 



LL543A/L544A 



M547A/L543A 



FtG. 4. Effect of ICI 164.3S4 on wild-type and mutant receptor 
protein levels and subcellular localization determined by Western 
blotting (A) and immunocytochemistry (B\. (A ) Cos- 1 cell*. -.randomly 
• expressing wild-tvpc MORr(l-599) (lanes 1-5). L.^3A L:--A .i..r.c< 
4-6) and" M547A/L548A (lanes 7-9) were cultured jndtreaicd A-h 
10 nM 170-estradiol (E).0.5 tiSX ICI lrVO-S-Mli. or carrier ..lore »->. 
The amounts of wild-type and mutant receptor* :n eeiavaien; a-^ras 
of WCE were determined by Western biot uresis usm^ :re h_„ 
antibody (Abbott Laboratories). The portion of molecular max* 
markers is shown (in kDa). (5) MOR.M-5«*n iER*n «r.y... 
ER(U43A/L54JA) (Middle). .and ER<Mi-»7A. L5-VA i 8>w: ) -Acre 
:ransicn:W expressed in Cos-1 cells as in Fie. .V Ai':er iroa:r.cn; -*:ih 
10 nM 17^3-cstradiol or 100 nM ICI 164:3<4 tVr ; c;V.« .w:c 
and the proteins were detected by indirect \mn\-^-\\^r-<::^: 
the H222 antibodv. Wild-type and mutant ER> exrabtee a ruc.ear 
staining in the absence (not shown) or in the prescr.es of estradiol 
(Left). ICI 164.334 altered the subcellular distribution ol the * :ld-i\?e 
protein, which was detected a;-a low level .>r.ly in :hc *>yj l ^\\\' f> 
Right) However, nuclear localization and !e-.e:s.M ERiLr-.-A 
and ER(M547A/L5^A) wore not affected by IC I treatment 
(Middle and Bottom flight). 

■ Histochcmical studies have shown that the ERwt protein is 
located predominantly in the nucleus in *hc absence or pres- 
ence of hormone (27). A similar study with transacted Co<. 1 
cells which showed 'that; while 4-OHT had no etiect on the 
nuclear localization of ERwt, ICI 164.3X4 resulted tn a rapid 
loss of fiucicar in favor of cytoplasmic localization oi EU'At 
(Fig. 4/?. Top). In contrast. ER(L54.V\ an J 

ER(M547A/L548A) were nuclear not only in the presence .»i 
1 70-estradiol ( Fig. 4 B. Middle and Bottom Li ft ) or --OI IT t not 
shown) but also after ICI 1M.3S4 treatment iFie. -/'. W/././.V 
and Bottom Wxht). 

Previous work had demonstrated that the aeonisi .-.c::'. m> ■ oi 
tamoxifen is mediated by AF-1 "(20). Therefore. «e u^tvd ihc 
importance of this domain in the mutant receptors in an.i!>» 
in« the transcriptional activity of the same mutation* as .ibo\e- 
hul in M0R-(I2I-5W). which lacks AF-1. Rie D\ Vb.:n!ine 
activity of these mutant receptors was similar to :h.u oi the 
mutated full-length receptors irrespective oi :b.e !ie m%l bound 
(dala.not shown). However, mutations .n the cb.ar;eJ :cm,!;u> 
of the truncated receptor reduced the Kin.iI ac:;\'i> oi ;!ie 
reporter gene compared to that obtained *nh the wi!d-t>pe 
receptor but showed a similar .V to 4-fold response estradiol 
(Fig. 5). Both antiestrogens abolished.ihe estroecn- dependent 



Biochemistry: Mahfoudi et aL 



Pre 



icad. Set. USA 92 (1995) ' a 209 



> 3 



< r- 

> 2 



■ NO HORMONE. 
□ £2 10 nM 

£2 10 n.M^ 4 OH-TAMOXIFEN 0.5 u.M 
0 E2 10 ilM ♦ 1C1 I64J84 0 J u.M 




WT D-W2N E-546A L-J43A M-547A 
E-546Q L-544A L-548A 

D-549N 

. 5 \n intact AF-l domain is a prerequisite for transcriptional 
5i, : ttkitlon by L543A/L544A and M547A/L543A ERmutajus acti- 
vated bv antiestrogens. The mutations L543A/LJ44A and M547A/ 
L548A were introduced into a truncated receptor lacking the N- 
terminal AF-l region [MOR-(121-599)J and their activity was com- 
pared to that of the wild-type truncated version (WT). HeLa cells 
cotransrecied with the reporter gene and expression vectors for wild-type 
or mutated receptors were maintained without added ligand (no hor- 
mone) or in the presence of 10 nM l7S-es;radiol (E2) alone, or together 
with 0J /*M 4-OHT or 05 yM 1CI 16US4 as indicated. 4-OHT and ICI 
164.3S4 alone had the same effects as when combined with 17/3-estradtol 
(mil shewn). The mean of normalized CAT activities from four inde- 
pc- :n; experiments with SENf error bars is presented. The activity of :he 
rq- :;r ccr,- In presence of 17^-estradiol-induced wild-r-?e MGR-(121- 
5 W ) was'i ak t n as 1 OO^c activ ity. 

activation, with ICI 164,334 being more effective. As expected 
ER(L543A/L544A) and ER(M547A/L54$A) failed to stimu- 
la:e -ranscription in the presence of estradiol, but, in contrast 
to the corresponding full-length mutated receptors, they had 
only a weak effect in the presence of antiestrogens. Thus, we 
conclude that AF-l is required to mediate the action of both 
tamoxifen and ICI 164,384 in ER(L543A/L544A) and 
El' M547A/L54SA) (Table 1). 

DISCUSSION 

Point mutations within the conserved region required for 
hormone-dependent activation of the ER dramatically change 
the pharmacology of antiestrogens. Mutation of either one of 
ihc two pairs of hydrophobic amino ac : ds present in this region 
(L543/L544 or M547/L54S) is sufficient to convert the ER 



into a transcriptionally potent molecule after activation not 
only by tamoxifen with its known mixed aconist/untagonist 
activity but also by the pure antiestrogen ICI 164.384. Such 
mutations protect the ER from the enhanced turnover and 
nuclear exclusion induced by ICI 164,384. These characteristics 
of the mutants are independent of AF-l, since they are also a 
feature ofthe mutants lacking AF-l. However, the AF-l region 
is required, in combination with AF-2, for a transcriptionally 
active configuration of the mutants, which is dependent on 
tamoxifen or ICI 164,384 activation. This suggests that AF-l, 
whose activity is minimal in the wild-type receptor in a number 
of cell types (this work; refs. 29 and 35). together with AF-2 is 
involved in the formation of a strong transcriptional interface 
induced by the antiestrogens in the mutant receptors.. Other 
mutations in this region have been described that alter the 
binding of estradiol or tamoxifen (36-3S). but we know of no 
other report of mutations which change the sensitivity of the 
ER to antiestrogens from antagonist -to agonist. - 

The regulated transcription of protein coding genes by 
transcriptional activators involves the assembly of a preinitia- 
tion complex (39, 40), Numerous basal transcription factors 
are required for transcriptional initiation by RNA polymerase 
II (41), and it is thought that these are likely targets for the 
transcriptional activators, Including nuclear receptors (42-47). 
- Alternative targets, distinct from the basal transcription fac- 
tors, are also suegested by so-called transcriptional interfer- 
ence or squelching experiments (48, 49). Potential candidates 
include proteins that have. recently been shown to interact 
directlv with the hormone-binding domain in the presence of 
estrogen (50, 51). It will be interesting to determine if the 
interaction of these proteins with mutant receptors is en- 
hanced bv antiestrogens. However, since AF-l is required to 
allow iht mutant receptors to siirr.u^te transcription, t: is 
conceivable that the AF-l and mutant .AF-2 domains generate 
a distinct activation function in the presence of antiestrogens, 
and the activation region contacts a distinct target protein. 
; : The most important question raised -y our results is whether 
Similar mutations occur in breas: ;u:r^:s and. if so. whether 
-they account for tamoxifen resistance. Recently, the analysis of 
ER coding sequences in tamoxifen-resistant tumors by using 
the technique of single-stranded chain polymorphism (SSCP) 
revealed that mutations were infrequent and were unlikely xo 
account for most tamoxifen resistance encountered (52, 53). 
Nevertheless, since SSCP is estimated to detect only about 85% 
of the gene mutations, it is important that more tumors are 
anaWzed and by alternative techniques. Since the hydrophobic 
mutations might manifest themselves as tumor flare, the most 
likely tvpe of tumors in which these'mutations may play a role 
are those which show a reduced growth or even regression 
upon tamoxifen withdrawal. 



Table I.. Activation of full-length (MOR-( 1-599)") and AF-t-truncated [MOR-(12l-599)] wild-type 
and mutant ERs by 173-estradiol (E2) or antiestrogens (4-0 HT and ICI I64.j84) 



Fold induction, activated receptor vs. no hormone 



Receptor 



E2 (10 nM) 



E2(10nM) * 
4-OHT (0.5 jaM) 



EI (10 nM) * 
ICI 164.384 (0.5 mM) 



MOR-O-599) 
\10R-( 121-599) 
MOR-( 1-599)(L543A/L544A) 
MOR.(12l-599)(L543A/L544A) 
MOR-( 1-599)(M547A/L54SA) 
MOR-(i:i-599)(M547A/L543A) 



3.7 = 1.0] 
3.3 = 0.5 J 
3.0 = 0.9 1 
1.6 = 0.4 J 
2:6 = 0.9 1 
1.3 = 0.5 J 



l.t 



1.9 



2.0 



0.3 = 0.21 u 
0.7 = 0.4 1 

12.1 4>7 
2.6 = 0.7 I 

6.2 = 0.31 , 4 

2.6 = 0.4 I " 



0.2 = 0.11 KQ 
0 2 = 0.2 / 



17.8 = 7.9 
3.4 = 0.3 
9.3 = 2.5 
3.0 



1 

151 
0.8/ 



5.1 



4.2 



The stimulation is expressed as fold induction over the noninduccd level. Values represent the mean 
= SEM of four independent experiments. Numbers to the right of braces are the relative contribution 
of AF-l in the ligand-dependcnt effects. Note that MOR-02I-5W) is induced by estrad.o as .cfHccnt^ 
as MOR-(l-599). Deletion of AF-l abolished the induction of L543A/L5-S4A _and M547A/L5-SA 
mutants by estradiol and resulted in a marked loss of activation by 4-OHT and ICI 164.JS4. 
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